Abstract. The macroparticle content of titanium films deposited using a steered vacuum cathodic arc has been investigated. It has been found that the macroparticle number decreases with increasing steering magnetic field strength, and experimental results are found to be consistent with the model in which the number and mass of macroparticles arising from a cathode spot are proportional to the cathode spot volume.
Introduction
Cathodic arcs have two attractive properties relating to film deposition. First, deposition occurs at a high rate, due to the arc being an intrinsically high erosion rate process. Second, the plasma stream of the arc contains relatively high-energy ions [1, 2] (with energies up to a few times greater than the cathode-anode potential fall) allowing greater surface mobility of the deposited species on the substrate than is the case for low-energy deposition processes such as electron beam evaporation and glow discharges. The results are increased adhesion of the film to the substrate and fewer voids, which result in a higher quality film than would otherwise be the case. One unattractive property of cathodic arc deposition is the emission from the cathode of unvaporized particles of cathode material, typically microns in diameter, termed macroparticles. The presence of macroparticles precludes the cathodic arc deposited films from being of optical quality, and may result in poor protective qualities of the film [3] .
The mass loss of cathode material in a cathodic arc discharge is almost totally accounted for by the ions and macroparticles [2, [4] [5] [6] (the contribution to the mass loss by neutral atoms emitted from the cathode has been measured to be less than 1% on a copper cathode [6] ). Daadler [5] measured the angular distribution of macroparticle emission and found it to be strongly peaked with a most probable angle below 30
• with respect to the plane of the cathode, with relatively little macroparticle flux emitted in the direction of the normal to the cathode. The results of Daadler confirmed the earlier qualitative results of Plyutto et al [1] . Size distribution studies of the macroparticles show that particles with smaller volumes dominate the number density. Utsumi and English [4] obtained an approximately exponential decrease in number density with macroparticle diameter for gold, silver and lead macroparticles. A similar result for copper macroparticles † Present address: Department of Applied Physics, University of Technology, Sydney, NSW 2007, Australia.
was obtained by Tuma et al [6] . Daadler [5] obtained a peaked distribution which tailed off with increasing macroparticle volume. Similar results for a variety of cathode materials have been reported by Anders et al [7] .
The removal of macroparticles from the plasma stream that arrives at the substrate has been the area of most intense, and increasing, investigation in the study of cathodic arc deposition systems and there are a number of ways by which this has been approached.
(i) Distributed discharge arc. Vasin et al [8] found that by heating a chromium cathode to temperatures ∼ 10 3 K the arc discharge changes mode from the multiple cathode spot discharge normally associated with arcs to a distributed discharge mode. In this mode of operation the discharge covers the entire cathode, and there is a resultant drop in the current density to 10 5 -10 7 A m −2 (compared with current densities ∼ 10 11 A m −2 for cathode arcs). There are no longer cathode spots in the discharge, and the consequent high-frequency oscillations in the arc voltage and current are no longer present. It is apparent that the main source of electron emission is thermal in nature and that the discharge is maintained by the vapour pressure of the cathode material. The absence of cathode spots results in the absence of macroparticles. It appears that to date Vasin et al are the only workers to have investigated the distributed discharge arc.
(ii) Steered arc evaporation. The application of a magnetic field at the cathode surface has two effects on the motion of the cathode spots. First, under conditions of zero to moderate fill gas pressures [9] [10] [11] and not too large a magnetic field strength [12, 13] the direction of motion of the cathode spots is in the opposite sense to the direction of j × B, where j is the current density and B the applied magnetic field. This motion is termed 'retrograde'. Provided then that the applied magnetic field has a component parallel to the cathode surface, the cathode spots have a directed motion. Second, the presence of a component of a magnetic field normal to the cathode surface provides the cathode spots with a component of motion 'away from the obtuse angle between the field and [cathode] surface and toward the acute angle' [14] . If a magnet is placed below a cathode in the arrangement shown in figure 1 then the magnetic field at the cathode surface is such that the motion of the cathode spots travelling in the retrograde direction will follow the trajectory defined by the loci of points where the normal component of the magnetic field is zero [11] and the trajectory may be referred to as stable (in the case where the cathode spot motion is in the non-retrograde direction the motion of the cathode spots is towards the obtuse angle between the field and the cathode surface and away from the acute angle. The trajectory in such a magnetic field configuration may be referred to as unstable [15] ). In the context of deposition systems this arrangement is referred to as a 'steered arc', while without the use of a steering magnetic field it is referred to as a 'random' arc. Using the steered arc a number of workers have found a marked reduction in macroparticle content of deposited films [16] [17] [18] [19] . One of the patent holders [20] of the steered arc deposition system has been quoted [21] as reporting that the high-frequency oscillations observed in the arc voltage and current are not present in the deposition system, indicating that the steered arc may be operating in a distributed discharge type mode. The retrograde speed of the cathode spot increases monotonically to a saturation value with increasing transverse magnetic field [12] [13] [14] . In the case of cathode spots on metal cathodes the saturated speed is not much greater than the random speed with no field present. According to Randhawa [19] the increase in cathode spot speed in a transverse magnetic field, which leads to a decrease in the mean residence time of the cathode spot at any one site, is partially responsible for the reduction in macroparticle content.
(iii) Magnetic field transport. The plasma of the arc can be transported in an axial magnetic field [22] in socalled magnetic filters, which are constructed of solenoidtype magnetic windings. This method is the most successful in the removal of macroparticles, but has the disadvantage of reducing the deposition rate. There are a number of possible designs of magnetic filters; the arc source can either be located outside [22] [23] [24] [25] or inside [25] the filter. The magnetic filter may be straight [24, 26] or curved [22, 24, 26] and in the former case the macroparticle content is reduced, and in the latter case it is measured to be zero. The reduction of the content of macroparticles in the case of a straight magnetic filter has been attributed to their evaporation by the ions contained in the filter [24] . This conjecture is supported by the observation that the macroparticle content is localized at the periphery of the plasma beam as deposited on a substrate [27] . The absence of a line of sight between the substrate and the cathode in curved filters leads to macroparticle-free deposited films. The transported beam may also be used to sputter a biased target to produce films free of macroparticles at substrate positions with no line of sight to the cathode [28] .
Macroparticle formation is closely linked with dynamic theories of cathode spots and, in particular, with cathode spot motion [29] [30] [31] [32] [33] [34] [35] [36] . Experiments on clean cathodes have shown that the lifetime of a cathode spot is almost entirely a formation time [35] during which the cathode spot continues to grow over the cathode surface. The melted region of the cathode moves outward by Joule heating [32, 37] and ion pressure [29, 31, 35] resulting in the ejection of molten material, and a crater is formed. The molten material forms macroparticles in deposited films. Microprotrusions are formed at the crater edge (from which the macroparticles may originate) and provide more favourable conditions for the cathode spot to exist, so that the spot moves with an elementary step size of a crater radius. Larger step sizes are possible through the action of macroparticles [29, 36] . Daadler [38] has made measurements of cathode spot craters in copper cathodes and concluded that, in the main, they can be reasonably approximated by a hemisphere.
The microscopic motion of the cathode spots is reflected in their macroscopic motion. On the macroscopic scale it is well established that the motion of cathode spots on clean metallic cathodes is a random walk [33, 39, 40] (provided no external magnetic fields are applied), i.e. if after a time t the cathode spot has been displaced x from an arbitrary origin, then
It has been shown that for a copper cathode that [31] ( x)
where r s is the elementary step size, and can be set equal to the cathode spot radius [35, 36] and t s is the cathode spot lifetime, which has been interpreted as the cathode spot crater formation time [35, 36] . In the case of a steered cathode spot the speed of the cathode spot ν s is then r s /t s [35] , so that using relations (1) and (2),
This inverse relationship between v s and r s may be due to the fact that the expansion front of the cathode spot necessarily slows down due to the increase in the amount of material needed to be melted as the spot expands. Upon the application of a steering field the path of the cathode spot straightens and its speed increases in the way described above. The photographic results of Ertürk et al [41] show a reduced cathode spot track size with the application of a steering field on a titanium cathode, and hence increased cathode spot speed, in qualitative agreement with this relationship.
In this work the macroparticle size and number densities of macroparticles in films deposited by a titanium vacuum arc are measured as a function of the steering magnetic field strength or, equivalently, the cathode spot speed. The cathode spot speed ranges from ≈ 11 m s −1 up to a saturated value of ≈ 28 m s −1 . This is a larger range than that used by Randhawa [19] where the speeds were in the range ≈ 8-17 m s −1 . Randhawa did not state whether or not the speed of the cathode spots had saturated. The films deposited by Randhawa and co-workers [16] [17] [18] [19] were, it appears, deposited in a plane parallel to the cathode (a photograph of their apparatus can be found in [42] ). In this work films are deposited at 10
• with respect to the plane of the cathode. Including this difference between the arrangement used in references [16] [17] [18] [19] and that used in this work, it is not clear if the arrangement used here is the same as used by those workers. Ertürk et al [41] have carried out a qualitative analysis similar to that presented here on films deposited in a plane parallel to the cathode. They found a decrease in macroparticle number density and macroparticle size with increasing cathode spot speed (which was the result of the application of a steering magnetic field). The decreases were attributed to the lower degree of cathode melting which results because of the lower residence time of the cathode spot at any one site. Ertürk et al also used a titanium arc in a reactive mode with nitrogen. The so-produced TiN films had a lower macroparticle content, which was attributed to the higher melting point of the cathode surface, which was assumed to have a nitride surface, and hence a high cathode spot speed, providing the observed reduction.
The steered arc has been used to deposit a wide range of films for use as wear resistance [16, 17, 43, 44] and decorative [18] coatings, which appear to represent an improvement over random arc deposition. Although the steered arc is widely used in cathodic arc deposition Sanders et al [45] stated that further experimentation is required for the steered arc to be understood, while Boxman and Goldsmith [46] have noted that little or no quantitative data on macroparticle numbers have been published. This paper presents quantitative experimental results of macroparticle number densities in films deposited by a steered arc on a titanium cathode. These results are then used to support the model in which the number and mass of macroparticles arising from a cathode spot are proportional to the cathode spot volume.
Experiment
The cathodic arc source used in this investigation has been described in detail elsewhere [11] . The experimental apparatus used to deposit titanium films is shown in figure 2 . The apparatus is as described previously [11] , with the exception that here the side viewing port has been replaced by a load lock through which the substrates are fed into the chamber. The cathode-substrate separation is 130 mm and the angle between the cathode centre and substrate is ≈ 10
• . The substrates were 5 mm×5 mm glass slides, and films were deposited for 30 s. The arc was initiated by touching the cathode with a tungsten trigger while the substrate was shielded from the cathode, so that any macroparticles which form during this transient operation did not form part of the analysed film. The four steering magnetic field values were 0.0, 5.0, 10.0 and 15.0 mT. These magnetic fields are the values of transverse component at the cathode surface and where the normal component is zero. The magnetic fields were measured with a Hall probe with an active area ≈ 1 mm 2 and details have been described elsewhere [15] . The arc current used was 100 A. Three films were deposited at each of the four magnetic fields used. The speed of the cathode spots in each of the applied magnetic fields was determined by the optical method described earlier [11] , and the speed of the cathode spot had saturated at a field value of 15 mT.
Micrographs of the films were taken at a magnification of 5400 on a JEOL JSM-35C scanning electron microscope. The position of the first micrograph of each film was chosen at random, and each subsequent micrograph taken without positional bias. Nine micrographs were taken of each film. The micrographs were taken within days of deposition. This is important since, on viewing films approximately one month after deposition, it was seen that many of the macroparticles had fallen out of the film. Counting and sizing of the macroparticles of the micrographs of the film surfaces was carried out by a Tracor Northern TN 8002 Image Analyser. This device converts a grey scale image (the micrograph in this case) into a binary image. The binary image can then be analysed using a variety of software packages, which can, for example, measure the area of the positive image. In the case of overlapping macroparticles (of which there were relatively few) the positive of the binary image of one of the macroparticles could be erased and replaced by a separated positive image. The area viewed by the image analyser is a square which, at the magnification employed here, had an area of 191.5 µm 2 . The area of each of the pixels which makes up the positive image is approximately 7.3 × 10 −4 µm 2 . It was found that the negatives of the micrographs were easier to use in this process than were the positive films. In all, over a thousand macroparticles were counted and sized. Figure 3 show the radii distributions of the macroparticles deposited at the steering fields used. They show the expected tailing off of frequency with increasing size. Table 1 contains a summary of the experimental parameters and results. Figure 4 shows that the speed of the cathode spots is anti-correlated with macroparticle number density. As can be seen from table 1, it can be stated to a good approximation that number of macroparticles×cathode spot speed = constant.
Results and analysis
(4) The reduction in macroparticle number density at the substrate with increased cathode spot speed is consistent with the corresponding decrease in cathode spot size, as can be seen from the following. Suppose that there are n m macroparticles emitted per cathode spot. The deposition rate of macroparticles at the substrate will be from n s 
The number of cathode spots that form per unit time is given by n s = v s r s (6) so that using relation (3)
The experimental results show that d m v s ≈ constant, so that,
i.e. the number of macroparticles emitted per cathode spot is proportional to the volume of the spot. Such a result is perhaps not surprising, and the observed reduction in macroparticle numbers is attributed to a reduction in cathode spot size, which is a result of increasing the cathode spot speed by the application of a transverse magnetic field. Furthermore,
i.e. the deposition rate of macroparticles is proportional to the cathode spot radius and inversely proportional to the cathode spot speed. Taking the deposition rate of macroparticles to be proportional to the erosion rate of the cathode this result is consistent with the experimental results of Ertürk et al [41] , where the erosion rate of their steered arc was approximately half that of their random arc (Ertürk et al did not state their cathode spot speeds, but their operating current of 120 A would give similar values to those obtained here for a random and steered arc operating at its saturated speed). The average radius of the macroparticles is approximately 0.4 µm. The value at the steering field of 15 mT may be slightly lower-however this value is subject to a large uncertainty since few particles of large radius were counted. The average radii of the distributions for those macroparticles whose radii are below 1.0 µm are 0.28, 0.31, 0.29, 0.28 µm for 0, 5.0, 10 and 15 mT respectively. A more reliable figure to use in characterizing the distributions may then be the median value of the macroparticle radius, which is approximately 0.25 µm for all steering fields. If the median value is taken as a measure of macroparticle size then it can be concluded that there is no essential change in macroparticle size with increasing cathode spot speed. A factor consistent with this is that the dimensions of the macroparticles (i.e. most probably ∼ fraction of a micron in radius) are considerably less than those of the cathode spot, which is typically many microns in radius [41] . The size distribution of the macroparticles emitted from the cathode spot is then essentially independent of the size of the spot. This is not to say, however, that the steered arc does not reduce the emission of a number of large macroparticles, but only that emission of large macroparticles is relatively infrequent. The independence of macroparticle radius of steering field also means that the total mass of macroparticles leaving the cathode spot is proportional to the cathode spot volume. Indeed the mass of macroparticles is a more fundamental quantity than their number-the model has been presented here in terms of the number because this is the quantity that is obtained directly (i.e. by counting).
Conclusions
Results of number densities of macroparticles deposited as a function of steering magnetic field strength have been presented. The macroparticle content in films deposited by a titanium vacuum cathodic arc has been found to be reduced by the application of a steering magnetic field. The frequency distribution of macroparticle radii has been found to be independent of the steering field. It has been concluded that the number and total mass of macroparticles emitted from a cathode spot is proportional to the cathode spot volume. This conclusions rests upon the two observations that: (i) the cathode spot radius is inversely proportional to the cathode spot speed; (ii) the product of the macroparticle number density and cathode spot speed is constant.
While the steering process has been found to reduce the macroparticle number density deposited at the substrate because the cathode spot speed has saturated at a steering field of 15 mT, it appears that macroparticles cannot be totally eliminated using steered arc evaporation on a titanium cathode.
A possible avenue for further investigation is determining the effect of the normal component of the steering magnetic field upon the cathode spot speed, with a view to increasing the saturated value. This is suggested because, as with the transverse component, the normal component of a magnetic field affects the motion of cathode spots. To date it appears that no investigations have been carried out on the effect of such a field on cathode spot speed.
